Abstract Hip resurfacing (HR) has become a widely used surgical intervention for younger patients requiring hip joint arthroplasty. While case reports have been published describing rehabilitation programs following HR, there has yet to be established rehabilitation guidelines. Through experience and clinical reasoning, the following guidelines have been developed based on the patients at the Hospital for Special Surgery. The demographics of the typical HR patient, along with the surgical process are described. Current published literature reporting rehabilitation for patients with arthritic hip pathologies has been incorporated into the guidelines and is presented. The guidelines are divided into three phases, with goals for each phase explained. A progression through phases by way of reaching certain milestones and goals is advocated.
Replacement Registry established a registry to track hip resurfacing surgeries and other joint surgeries that involve the use of implants in the United States. At Hospital for Special Surgery (HSS), the authoring physician performs up to 400 HR per year.
Several clinical studies support HR over THR in younger and more active individuals. The appeal of HR over THR includes similar or greater range of motion (ROM), increased activity level, similar satisfaction scores, and lower dislocation rates [5, 9] . In addition, since the surgical technique for HR is bone-conserving in nature, it allows for greater ease of conversion surgery to a THR when indicated [9] .
To date, no rehabilitation guidelines following HR procedures have been published. Crow [10] presented a case study that described the use of hip mobilizations during the rehabilitation of a 43 year-old male who underwent bilateral HR. Dunleavy [11• ] published a case report detailing the rehabilitation of a 46 year-old dancer. The proposed guidelines are for the practicing clinician treating patients following HR via posterolateral approach. The current guidelines are based on clinical expertise, experience and the current evidence for treatment of hip pathologies.
Surgical procedure of hip resurfacing
The procedure is performed using a posterior approach with the patient in a lateral position. The arthritic ball and socket are exposed; surface replacement preserves the neck of the femur and is sculpted to accept a metal cap with a short stem [12] . This preservation of bone allows for a much larger ball size, promoting greater stability of the hip joint, lowering the risk of dislocation [12] . Absolute contraindications to HR include females of childbearing age, patients with known moderate to severe renal insufficiency, patients who are severely obese, and patients with a known or suspected metal sensitivity [13] . Additionally, patients with anatomic abnormalities or osteoporosis that would cause inadequate bone stock to support device which may compromise implant stability or postoperative recovery, candidates for this procedure [13] .
Specific risks to HR surgery include metal ion dispersion, femoral fracture, nerve injury, and heterotrophic ossification [13] . The current generation of surface replacements is metal-on-metal bearings and although this decreases the taxation of components, metal ion dispersion in the body has been documented. In a multi-surgeon series following 5000 Birmingham hip resurfacings, Carrothers [14] reported that only 15 (0.3%) hips contracted aseptic lymphocytic vascular and associated lesions (ALVAL) or metallosis. Cobalt and chromium ions are measurable in the blood and able to be monitored. People with functioning kidneys are able to excrete the ions into their urine for removal from the system. Due to fact that the head of the femur is retained, it is possible to fracture the head or the neck after surface replacement [13] . Most of the fractures occur early in the post-operative period if too much weight is put on the leg too early; a cautious approach to weight bearing is recommended in the period immediately following surgery [13] . This also allows for proper tissue healing to take place. Sciatic nerve injury is possible, secondary to the proximity of the nerve to the region of dissection during surgery. Brown [15] reported the incidence of sciatic nerve injury after primary total hip arthroplasty to be between 0.09% and 3.9%.
The demographic of younger, more active patients have been implicated as a reason for increased risk of heterotopic ossification (HO) following HR. In a two-year follow-up study of 220 patients undergoing HR, Back [16] reported that over 50% of patients exhibited radiographic evidence of HO. However, only three patients required surgical intervention. The authors concluded that most cases which showed signs of HO were asymptomatic and unaffected. At this institution, the use of aspirin postoperatively is prescribed for the purpose of prophylaxis to prevent the formation of HO. The Brooker grading system of HO [17] describes four types of HO, with Brooker class IV signaling ankyloses of the hip joint due to HO. Among the patients treated by the authoring physician, there has been less than a 5% incidence of Brooker I-III HO using this regimen and no cases of Brooker IV HO.
Rehabilitation

Phase I
The first post-operative phase occurs over the first four weeks following surgery. This is considered to be the maximum protection phase. For immediate post-operative gait training, crutches are used. The use of crutches is encouraged for the first two to three weeks, depending on the adaptability and strength of the patient. As the patient feels more comfortable with bilateral axillary crutches, weaning from two crutches to one crutch is recommended. With male patients exhibiting strong bone stock, as deemed by the surgeon, the use of a cane is advised.
In a retrospective analysis of 230 patients undergoing HR at HSS in 2007 and 2008, preliminary unpublished data by Niedbala et al, shows an average hospital stay of 3.13 days for HR patients. 86.5% of patients were able to ambulate independently with bilateral axillary crutches within 2.75 days. 91.4% of patients were discharged directly home.
During Phase I, treatment recommendations encourage pain free hip range of motion with a stable pelvis and gait training, with the appropriate device on level surfaces and stairs. The use of a stationary upright bike is initiated and proximal hip strengthening is performed as tolerated. Core strengthening is begun, as well as balance training in double limb support. Once the incision has healed properly, aquatic therapy can begin. Cryotherapy is used to assist with edema control. The goals of this phase are to promote healing, normalize gait pattern with appropriate assistive device, teach an independent home exercise program (HEP), and commence progressive hip range of motion (ROM).
It is significant to note that other than caution with weight-bearing, there are no motion restrictions or precautions. This is due to the large femoral ball component, which is surmised to add stability to the prosthetic joint. Early and pain-free motion is encouraged, to the patient's tolerance, in all directions, in order to avoid stiffness.
Phase II
Initiation of Phase II of the rehabilitation process can begin once the incision has properly healed and the edema and pain have been controlled. Patients are progressed to Phase II within 2 to 4 weeks of having undergone surgery. Normalizing their gait pattern and achieving adequate functional ROM are both emphasized. Active range of motion (AROM) exercises are begun immediately after the surgery to avoid any adaptive shortening of tissues but are progressed in this phase as tolerated. In addition, active assistive range of motion (AAROM) and gentle passive range of motion (PROM) are instituted in this phase to increase ROM. Range and flexibility should be increased gradually; an aggressive approach may disallow tissue healing and exacerbate painful conditions [18] .
Improving hip range of motion can be accomplished through the progression of various stretches. A patient may begin with supine stretches (in the Thomas test position [19] , to a child's pose/quadruped rock, to an advanced stretch in the seated figure 4 position (see pictures)). Manual techniques can be utilized to assist in ROM progression [20, 21] . In the clinic, there has been great success in achieving hip flexion ROM by employing mobilizations with movement, when indicated, as originally described by Mulligan [22] . Mobilizations are not attempted during the first phase in order to allow healing to occur. Communication between the clinician and the operating surgeon prior to performing mobilizations is recommended to ensure the implant and surrounding tissue will tolerate manual mobilizations. Once proper healing of the incision has occurred and motion is pain-free, but limited, manual mobilizations are practical. The loss of hip internal rotation (IR) is common prior to surgery [23] , but it is recommended to avoid forceful stretching in rotation of the hip beyond functional needs.
Hakkinen [24• ] published ROM and strength data on 30 patients following HR. The patients did not receive any supervised intervention or physical therapy following surgery, but were told to resume daily activities. Measurements of internal and external rotation, and hip extension strength were measured isometrically using a dynamometer. Active and passive ROM of all motions of the hip were measured at 3, 6, and 12 months postoperatively. It was found that all 30 patients exhibited greatly improved ROM, with hip flexion being the last motion to resolve. However, external rotation ROM remained significantly less than the unaffected hip in each patient. As well, an undesirable ratio of external rotation to internal rotation strength persisted after surgery, with the internal rotators displaying superior strength. The authors concluded that this was not ideal, and that physical therapy intervention was indicated to improve external rotation ROM and strength of the affected hip. The results also point to the fact that ROM will gradually resolve in most other directions besides external rotation, and therefore any perceived restriction need not aggressive mobilization, especially in the initial weeks of rehabilitation.
Compensatory patterns involving the spine and pelvis have been observed prior to HR surgery. Suboptimal movement patterns must be addressed following surgery in order to allow adequate load transfer during weightbearing tasks. It is our experience that a large percentage of patients will exhibit posterior tilting of the pelvis in a weight-bearing position. Neuromuscular re-education meant to anteriorly tilt the pelvis in weight-bearing tasks will reduce the patient's desire to hyperextend the hipwhich may be a compensatory strategy for a posterior tilt of the pelvis, especially during the toeing-off phase of gait; decreasing the necessary muscle force to stabilize the anterior portion of the joint, when weight-bearing.
Following HR, neuromuscular re-education to improve lumbopelvic dissociation is facilitated while maintaining hip and trunk stability. This is begun in a non-weightbearing position (supine) with simple anterior and posterior tilting of the pelvis. Once adequate control is achieved, lumbopelvic dissociation can be practiced in weightbearing positions (sitting, kneeling, standing and squatting).
It is fundamentally important to regain flexibility while establishing a strong pelvis in order to achieve distal mobility with proximal stability. Core strengthening can be employed in various positions with the addition of lower and upper extremity perturbations to advance the difficulty of the exercise, when appropriate.
In regards to functional strengthening, special emphasis should be placed on the abductors and extensors of the hip. Bilateral activities must be completed prior to commencing any unilateral activities or dynamic standing stabilization. Initial treatment strategies may be comprised of closed kinetic chain exercises. Examples include the leg press begun at 1/3 of body weight, wall slides, and bridging with bilateral and unilateral support. Stepping up may begin once the patient demonstrates the ability to weight-bear bilaterally without an assistive device.
Cardiovascular activity should also be included in the rehabilitation process. Generally this will consist of stationary biking or the use of the elliptical machine. Cardiovascular training can be progressed by a gradual increase in resistance, time, and/or endurance. If indicated by the surgeon, swimming is encouraged, with utilization of the breast stroke or "frog kick" to advance active ROM of the hip.
Basic activity-specific skills can be commenced as the patient's unilateral stance ability progresses. For example, a patient can practice the motion of ground strokes in tennis without use of the ball and a golfer can begin to participate in his short game [25] .
By the end of Phase II, the patient is still avoiding full participation in sports and continues to focus on maintaining proper movement patterns and postures. The goals of Phase II are: 1) ambulate approximately 2 miles without an assistive device using a reciprocating gait pattern, 2) stand on the involved leg for 5 s with good control, 3) achieve a Lower Extremity Functional Scale Score (LEFS) of 50+ [26] , 4) pain-free dressing and activities of daily living, 5) functional hip flexion and extension active ROM, 6) negotiate an 8″ step with good control, and 7) exhibit strong abduction by consistently testing as a 4/5 or higher for five consecutive manual muscle tests for the hip abductors, as described by Kendall [19] .
Phase III
Once the patient proves to own adequate strength and balance, they are able to progress to Phase III of the rehabilitation process, in general between 3 to 6 months. This phase is meant to improve upon the foundations created in the Phase II of rehabilitation, and the goals are to improve strength, balance and neuromuscular endurance. This phase should be tailored towards the patient's goals upon discharge, gearing exercise prescription towards the activities and sports the patient would like to return to.
Neuromuscular strengthening should mostly be employed in a weight-bearing position, focusing on integration of the gluteal muscles with the appropriate muscles. For example, single-leg standing exercises involving hamstring and gluteal action, are indicated, as these muscles work in conjunction to extend the hip during the mid-to late-stance phase of gait and running in order to propel the trunk over the stance leg. The gluteus maximus has exhibited low levels of activity during the walking motion [27] . Lieberman et al [28] produced data that the gluteus maximus is far more active during the running motion. If the patient's goals include propulsive motions, such as running, cutting or jumping, and permission to progress to these activities is received by the surgeon, strengthening of the gluteus maximus would be indicated.
Rehabilitation tasks should progress to multi-planar activities, incorporating rotational movements on a fixed lower extremity. Exercises that incorporate two or more planes of movement will challenge the body's ability to provide muscular forces in accordance with one another, reinforcing proper patterning of muscle recruitment. Care should be taken to observe and cue the relevant muscle force in each stage of movement, for all tasks.
Avoidance of impact activities is advocated, such as running and jumping, for six months post-operatively. The patient may return to running, as allowed by the surgeon at approximately six months or more following HR. Muscular endurance is a key component so as to decrease the subconscious resumption of faulty patterns which may have been used prior to surgery. Along with adequate ROM, the patient should score highly on the LEFS (70+/ 80) and be able to perform ten single-leg squats without deviation at any point in the kinetic chain. Clinicians should assess running style and technique in the clinic on the treadmill, preferably, before attempting independent running. The prospective runner should begin by jogging for short distances on soft surfaces, such as grass or packed dirt, and gradually increase the distance as tolerated. Any delayed-onset of muscle soreness should be viewed with caution and assessed properly.
Considerations of rehabilitation
Femoral neck fractures continue to be a concern throughout the rehabilitation process. Among a review of 5000 Birmingham hip resurfacings which were revised, 54 (1.1%) were due to femoral neck fracture [14] . Without radiographic evidence, it is difficult to determine if a femoral neck fracture exists. Patients may complain of groin pain in weight-bearing positions. If it is suspected, protected weight-bearing should be instituted and the surgeon should be notified promptly. The risk of femoral neck fracture after HR persists for approximately 14 weeks postoperative [5] . Patients should be aware that heavy impact or carrying excessive weight for this time may increase the risk of fracture. Therefore it is advised that patients limit carrying weight to 20 lbs for 1 month, and 30 lbs for 3 months. At 3 months, patients may begin to increase load-carrying gradually to their desired goal by 6 months. Single-leg stance exercises on the operative leg should be avoided during Phase I.
Iliopsoas tendinopathy has been mentioned previously in the literature in regards to hip resurfacings [29] . It is a welldocumented soft tissue pathology following total hip arthroplasty (THA) [30] [31] [32] . Poor neuromuscular recruitment may be one cause of an overactive and insufficient hip flexor muscle. Prior to surgery, patients will most often experience a loss of range of motion (ROM), especially hip flexion [23] . The lack of sagittal plane motion may make the iliopsoas sluggish and unresponsive following surgery. As ROM is regained, the hip flexors may be found to be weak and inadequate, as well as over-burdened by poor strength of the deep lumbopelvic stabilizers. This can be compounded by a lack of anterior tilt of the pelvis, thereby over-stretching the iliopsoas and making it susceptible to injury.
Pain generated from an iliopsoas tendinopathy can be reproduced with resisted testing of hip flexion, both from a straight-leg raise (SLR) and seated positions. There may be tenderness to palpation medial to the anterior superior iliac spine (ASIS) at the iliacus muscle belly and at the distal tendon, medial and deep to the sartorius muscle belly.
Facilitating proper muscle recruitment patterns to ameliorate undue stresses to the iliopsoas is imperative, and has been utilized in non-operative cases [33] . The iliopsoas has been found to respond well to trigger point therapy and release [34] , along with postural education.
Other soft tissue dysfunctions which may impede progress following HR include gluteus medius tendinopathy and bursitis. Diagnosis can be challenging, both radiographically and upon examination [35] . Differentiating this from greater trochanteric bursitis is difficult, as symptoms overlap between the two pathologies. Often we find that the superior gluteus medius muscle belly, distal to the posterior ridge of the pelvis, is tender, along with the distal tendon, immediately superior to the greater trochanter on the femur. The patient will complain of pain with resisted abduction and possibly while putting pressure on the tendon, such as in the side-lying position.
During the rehabilitation process patients often have difficulty properly recruiting their gluteus maximus. This can lead to overuse discomfort of the hamstrings, with symptoms being reported that parallel a muscle strain in the posterior thigh. Care should be taken to differentiate this from a lumbo-genic or sacroiliac (SI) joint pain. Pain in the hamstring may be present during active and resisted prone hip extension or knee flexion, with tenderness present in the muscle belly.
The clinician can promote optimal muscle recruitment of the lumbopelvic stabilizers in order to improve the gluteus maximus timing during hip extension. Chance-Larsen [36] and Wagner [37] both reported on the efficacy of abdominal hollowing and lumbopelvic strengthening, respectively, to improve the onset of gluteus maximus firing pattern in relation to hamstring activity during a prone hip extension test.
Conclusion
These rehabilitation guidelines are based on prior clinical experience and the challenges which presented. Each course of rehabilitation for HR should be tailored towards These guidelines for rehabilitation following HR target milestones and goals, rather than a time-based protocol that may not be suitable for individual impairments. (Table 1 ) Also considered are the layers of the lumbo-pelvic system, first promoting ROM and joint motion, then strengthening the muscular and soft tissue layers, and finally re-educating the neuromuscular layer to reinforce proper movement patterns and load transfer.
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